The first steps of wood degradation by fungi lead to the release of toxic compounds known as extractives. To better understand how lignolytic fungi cope with the toxicity of these molecules, a transcriptomic analysis of Phanerochaete chrysosporium genes was performed in the presence of oak acetonic extracts. It reveals that in complement to the extracellular machinery of degradation, intracellular antioxidant and detoxification systems contribute to the lignolytic capabilities of fungi, presumably by preventing cellular damages and maintaining fungal health. Focusing on these systems, a glutathione transferase (P. chrysosporium GTT2.1 [PcGTT2.1]) has been selected for functional characterization. This enzyme, not characterized so far in basidiomycetes, has been classified first as a GTT2 compared to the Saccharomyces cerevisiae isoform. However, a deeper analysis shows that the GTT2.1 isoform has evolved functionally to reduce lipid peroxidation by recognizing high-molecular-weight peroxides as substrates. Moreover, the GTT2.1 gene has been lost in some non-wood-decay fungi. This example suggests that the intracellular detoxification system evolved concomitantly with the extracellular ligninolytic machinery in relation to the capacity of fungi to degrade wood.
L
ignolytic basidiomycetes initiate wood decay by producing extracellular reactive oxygen species (ROS) that depolymerize lignocellulose (1, 2) . Accordingly, induction of lignin peroxidases (LiPs) is associated with ROS production, oxidative damage to macromolecules, and induction of antioxidant enzymes, such as catalase, superoxide dismutase (SOD), glutathione (GSH) reductase (GR), and glutathione peroxidase (Gpx) (3) . In wood-grown Postia placenta, the quantity of ROS produced by a laccase has been estimated to be large enough to contribute to incipient decay (2) . Moreover, some highly reactive wood compounds (known as extractives) are released primarily during wood degradation processes. Some studies have reported the toxicity and antifungal activity of these molecules (4) (5) (6) (7) . This suggests that during wood degradation, fungal cells are under oxidative stress.
Thus, the lignolytic activity of fungi is closely related to their capacity to resist oxidants and toxic molecules, such as wood extractives or fungicides. Thus, fungi have developed an efficient detoxification system. It is composed of enzymes encoded by multigenic families, which are expanded in these genomes and exhibit versatile activities, allowing them to accept a broad range of compounds such as substrates (8, 9) . This system is composed mainly of oxidases as cytochrome P450 monooxygenases (CytP450), conjugating enzymes, and transporters. CytP450-encoding genes are highly represented in saprophytic fungal genomes (10) (11) (12) . Functional analysis and gene upregulation data suggested that the enriched P450 families of model basidiomycetes have a common physiological function, i.e., degradation of plant defense chemicals and plant material-derived compounds, especially lignin-derived compounds (13) . Moreover, the catalytic versatility of these enzymes could be involved in fungal colonization of plant material. CytP450 copy numbers in the genomes of wood degraders is correlated with the glutathione transferase (GST) copy numbers (11) . GST genes belong to the second step of detoxification and participate in cell response to oxidative stress. They are less duplicated than CytP450s, but saprotrophic fungi, such as the wood decayer Phanerochaete chrysosporium or the litter decomposer Coprinus cinereus, still exhibit a high number of GST-encoding genes compared to symbiotic fungi or biotrophic pathogens (11) . P. chrysosporium exhibits 27 GST isoforms, which cluster into 7 main classes: GSTO, GHR, Ure2p, GSTFuA, GTT1, GTT2, and Phi (11) . The cysteine-containing GSTs (GSTO and GHR) are quite well conserved among organisms and have been studied in humans, insects, plants, and fungi (11) . The others are more specific to some organisms and have been studied less. In particular, GSTFuA, which has been described recently, is a fungus-specific class with atypical features (14) . Some GSTFuA members exhibit a ligandin property with wood-related molecules. GTT1 and GTT2 are described exclusively in Saccharomyces cerevisiae, having an antioxidant role (15) . While S. cerevisiae GTT2 (ScGTT2) displays only classical GST activity, ScGTT1 exhibits both classical GST activity and peroxidase activity with hydroperoxides (16) . The crystal structure of ScGTT2 has been solved (17) . A water molecule acts as the deprotonator of the glutathione sulfur atom instead of the classic catalytic residues, i.e., tyrosine, serine, and cysteine. To date, no other fungal homologue has been characterized. In P. chrysosporium, 2 GTT2-related (Joint Genome Institute [JGI] protein identifiers [ProtID] 6683 and 6766) and no GTT1 genes have been identified in the genome by sequence homology with the yeast isoforms (18) . However, their roles are unknown.
The aim of this study was to better understand how P. chrysosporium copes with the putative toxicity of oak acetonic extracts. Using a transcriptomic approach, we show that oak acetonic extracts create oxidative stress in P. chrysosporium highlighted by induction of genes of the antioxidant and detoxification systems. In particular, the analysis has revealed the induction of the gene coding for P. chrysosporium GTT2.1 (PcGTT2.1), a GTT2-related glutathione transferase, which is highly active against peroxides and seems to have evolved concomitantly with the extracellular degradation system.
MATERIALS AND METHODS
Oak acetonic extract preparation and identification. Oak heartwood samples were ground to a fine powder, passed through a 115-mesh sieve, and dried at 60°C until minimal weight was obtained. Extraction then was performed overnight with high-performance liquid chromatography (HPLC)-grade acetone using a Soxhlet apparatus. The solvent was removed from the crude extracts by evaporation to dryness under vacuum. The powder was resuspended in dimethyl sulfoxide (DMSO). Liquid chromatography-mass spectrometry (LC-MS) analyses of samples were carried out using a Shimadzu (Noisiel, France) LC-20A ultra-HPLC (UH-PLC) system equipped with an autosampler and interfaced to a PDA UV detector SPD-20A, followed by an LC-MS 8030 triple-quadruple mass spectrometer. The separation was performed on a Luna C 18 analytical column (inner diameter, 150 mm by 3 mm; Phenomenex, Le Pecq, France) using a linear gradient from 8 to 68% of methanol in water (containing 0.1% formic acid) at a flow rate of 0.4 ml/min. The injection volume was 2 l. UV-visible spectra were recorded between 190 and 800 nm. Positive and negative ion electrospray mass spectrometric analyses were carried out at a unit resolution between 100 and 2,000 m/z at a scan speed of 15,000 U/s. The heat block and desolvation line temperatures were 400°C and 250°C, respectively. Nitrogen was used as a drying (15 liters/min) and nebulizing (3 liters/min) gas. The ion spray voltage was Ϯ4,500 V. Data were acquired and analyzed using LabSolutions software, version 5.42SP4, from Shimadzu. Identification was achieved by comparison of experimental retention times and UV-MS spectra to bibliographic data and standard compounds.
Culture conditions. Phanerochaete chrysosporium homocaryon RP78 was maintained in malt agar medium. Fungal plugs were used to inoculate liquid minimal medium containing 5 mM sodium acetate, pH 4.5, 1% glucose, 1 mM ammonium tartrate, 1% (vol/vol) base medium (20 (19) . To study the effect of oak acetonic extracts on P. chrysosporium gene expression, static culturing was performed at 37°C for 3 days. The medium was then replaced by fresh liquid minimal medium (30 ml) as described above, with or without extracts obtained from 200 mg of oak wood. The treatment was done at 37°C for 24 h. The mycelium then was rinsed with distilled water and frozen in liquid nitrogen for further RNA extraction.
Arrays. The P. chrysosporium custom exon expression array (12ϫ135K array) was manufactured by Roche NimbleGen Systems Ltd. (Madison, WI, USA). From a data set of 9,998 unique P. chrysosporium gene predictions, each array featured 6 unique probes per gene, all in duplicate.
Total RNA was extracted and purified from triplicate cultures using the RNeasy plant minikit (Qiagen) according to the manufacturer's instructions. The RNA was treated twice with DNase I (during purification as recommended in the manufacturer's protocol and directly added onto purified RNA) and cleaned with a Qiagen RNA cleanup kit. An additional purification step was performed to remove residual phenolic compounds due to oak treatment by precipitating RNA with 2 M LiCl. RNA was converted to double-stranded cDNA using the Smarter PCR cDNA synthesis kit (Clontech) according to the manufacturer's protocol and purified using the QIAquick PCR purification kit (Qiagen). Single-dye labeling of samples, hybridization procedures, data acquisition, background correction, and normalization were performed at the NimbleGen facilities (NimbleGen Systems, Reykjavik, Iceland) by following their standard protocol. Microarray probe intensities were quantile normalized across all chips. Average expression levels were calculated for each gene from the independent probes on the array and were used for further analysis. Natural log-transformed data were calculated and subjected to the Cyber-T statistical framework (http://cybert.ics.uci.edu/) (20) using the Standard t test unpaired two-conditions data module. Benjamini and Hochberg multiple-hypothesis testing corrections with false discovery rates (FDR) were used.
Transcripts with a significant P value (Ͻ0.05) were considered to be differentially expressed.
Cloning of PcGTT2.1 and heterologous expression and purification of the recombinant protein. The open reading frame sequence encoding P. chrysosporium GTT2.1 (PcGTT2.1; JGI ProtID 6766) was amplified from a P. chrysosporium cDNA library using PcGTT2.1 forward and reverse primers (5= CCCCCATGGCTCACCTCCCCAACTTTCTC 3= and 5= CCCCGGATCCTTAGTGGAGGGTCTCGGC 3=) and cloned into the NcoI and BamHI restriction sites (underlined in the primers) of pET-3d (Novagen). The amplified sequences encoded a protein in which an alanine has been added to improve protein production. For protein production, the Escherichia coli BL21(DE3) strain, containing the pSBET plasmid, was cotransformed with PcGTT2.1-pET-3d plasmid (21) . Cultures were progressively amplified up to 2 liters in LB medium supplemented with ampicillin and kanamycin at 37°C. Protein expression was induced at exponential phase by adding 100 M isopropyl ␤-D-thiogalactopyranoside for 4 h at 37°C. The cultures then were centrifuged for 15 min at 4,400 ϫ g. The pellets were resuspended in 30 ml of TE-NaCl (30 mM Tris-HCl, pH 8.0, 1 mM EDTA, 200 mM NaCl) buffer. Cell lysis was performed by sonication (3 times for 1 min each with intervals of 1 min), and the soluble and insoluble fractions were separated by centrifugation for 30 min at 27,000 ϫ g. The soluble part then was fractionated with ammonium sulfate in two steps, and the protein fraction precipitating between 40 and 80% of the saturation contained the recombinant protein, as estimated by 15% SDS-PAGE. The protein was purified by size-exclusion chromatography after loading the resolubilized fraction on an ACA44 (5-by 75-cm) column equilibrated in TE-NaCl buffer. The fractions containing the protein were pooled, dialyzed by ultrafiltration to remove NaCl, and loaded onto a DEAE-cellulose column (Sigma) in TE (30 mM Tris-HCl [pH 8.0], 1 mM EDTA) buffer. The proteins were eluted using a 0 to 0.4 M NaCl gradient. Finally, the fractions of interest were pooled, dialyzed, concentrated by ultrafiltration under nitrogen pressure (YM10 membrane; Amicon), and stored in TE buffer at Ϫ20°C. Purity was checked by SDS-PAGE. Protein concentration was determined spectrophotometrically using a molar extinction coefficient at 280 nm of 60,390 M Ϫ1 cm Ϫ1 . A total of around 60 mg of pure PcGTT2.1 was obtained (final yield, 25 mg per liter of culture).
Activity measurements. The activity measurements of PcGTT2.1 in thiol transferase activity with hydroxyethyldisulfide (HED) assay or for reduction of dehydroascorbate (DHA) were performed at 25°C as described by Couturier and coworkers (22) . The classical GSH transferase activity was assessed with phenethyl isothiocyanate (ITC) prepared in 2% (vol/vol) acetonitrile, 1-chloro-2,4-dinitrobenzene (CDNB) prepared in DMSO, and 4-hydroxynonenal (HNE) in ethanol as substrates (14, 23) . The reactions were monitored at 274 nm for ITC, 340 nm for CDNB, and 224 nm for HNE following the increase in absorbance arising from the formation of the S-glutathionylated adduct. The reactions with CDNB were performed in 100 mM phosphate buffer, pH 7.5, in the presence of glutathione (2 mM), while the reaction with ITC was performed at pH 6.5 with an identical GSH concentration. The conjugation of HNE with GSH was monitored in 50 mM phosphate buffer, pH 6.5, at 30°C (23). The apparent K cat value for HNE was determined in the presence of 2 mM GSH using an HNE range from 0 to 0.5 mM. Glutathione peroxidase activities were monitored as described previously (14) 8 .0, was incubated in the presence of GSH, 200 M NADPH, and 0.5 IU glutathione reductase (GR). The activity was analyzed by monitoring the decrease in absorbance arising from NADPH oxidation in this coupled enzyme assay system showing the formation of oxidized glutathione (GSSG). The K m value for GSH was determined using a GSH concentration ranging from 0 to 2 mM in the presence of 100 M CuOOH. The apparent K cat value for tBOOH was determined in the presence of 1 mM GSH using a tBOOH concentration ranging from 0 to 2 mM. The apparent K cat value for CuOOH was determined in the presence of 1 mM GSH using a CuOOH range from 0 to 2 mM. The reactions were started by addition of the purified enzyme and monitored with a Cary 50 UV-visible spectrophotometer (Varian). The catalytic parameters were calculated using GraphPad software.
Yeast complementation. Saccharomyces cerevisiae strains W303-1A (MATa ura3-1 ade2-1 leu2-3,112 trp1-1 his3-11,15 can1-1) and MML1022 (W303-1A ⌬gtt1::natMX4 ⌬gtt2::kanMX4) were employed. The MML1022 strain was constructed by standard genetic methods as described previously (24) . MML1022 was transformed with either pCM190 or PcGTT2.1-pCM190 vector. The overexpression of PcGTT2.1 in the yeast strains was checked by Western blotting with rabbit polyclonal antiPcGTT2.1 (1:1,000) using protein extracts (20 g ) from yeast cultures exponentially growing in SC supplemented with the required amino acids.
For sensitivity experiments, the growth of S. cerevisiae cells in liquid SD medium (25) under parallel separate treatments at 30°C was automatically recorded (by optical density at 600 nm) at 1-h intervals for 24 h, using individual 0.5-ml cultures in shaken microtiter plates sealed with oxygen-permeable plastic sheets, in a PowerWave XS (Biotek) apparatus at controlled temperature. Identical cell numbers (2 ϫ 10 5 ) were inoculated initially in each parallel culture. Cells were treated with 0.2 mM tBOOH or 0.4 mM H 2 O 2 .
Lipid peroxidation measurement. Lipid peroxidation has been measured in S. cerevisiae mutant MML1022 and PcGTT2.1-complemented mutant strains in the presence of tBOOH. Cells (2 ϫ 10 7 ) were grown in liquid SD medium for 2 h and then treated with 0.2 mM tBOOH for 4 h. The Bioxytech HAE-586 kit (OxisResearch) was used to measure 4-hydroxyalkenal (HAE), which is an indicator of lipid peroxidation. The protocol used is the one described by the manufacturer.
Microarray data accession number. The complete expression data set is available as a series (accession number GSE54542) at the Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI).
RESULTS AND DISCUSSION

Transcriptomic analysis. (i) Overview of gene expression.
The effect of oak acetonic extracts on P. chrysosporium gene expression was assessed by transcriptome analysis. The complete transcriptomic data are given in Table S1 in the supplemental material. LC-MS analysis of these extracts revealed that they mainly contain caffeic acid, castalagin/vescalagin, and ellagic acid, which are tannin-derived molecules (see Table S2 ). Besides their antioxidant properties, these molecules have toxic and antimicrobial activities (26, 27) . Indeed, tannins have the ability to bind strongly to proteins, often causing precipitation and inactivation of enzymes (28) .
The most upregulated genes (more than 10-fold) by incubation with oak acetonic extracts are reported in Table 1 . These genes encode proteins involved in nutrition, nucleic acid modification, gene regulation, signaling, and stress responses. A limited number of genes coding for proteins involved in degradation of recalcitrant compounds, respiration, and folate and methionine metabolism also were found among the most upregulated genes. The induction of genes involved in amino acid (lysine-ketoglutarate reductase, taurine dioxygenase, arginase, and fumarylacetoacetate hydralase) and protein (protease) catabolism could be a way to recycle both intracellular carbon and nitrogen. In accordance with this, the gene coding for glutamine synthetase also is induced. In addition, some genes involved in mitochondrial respiration are induced, suggesting modification of the bioenergetic state of the fungus.
Interestingly, the most upregulated gene encodes a protein (ProtID 2416) with an unknown function but with the characteristics of small secreted proteins (SSPs). Indeed, it is predicted to be secreted, the sequence is less than 300 amino acids, and it contains many cysteines. Such proteins have been studied recently in Phlebia brevispora and Heterobasidion annosum (29) . The authors focused their analysis on hydrophobins. A considerable expansion of the hydrophobin-encoding genes exists in basidiomycetes, probably in relation to their ecological preferences. The gene identified in our analysis does not belong to the hydrophobin family, since it does not exhibit the conserved eight-cysteine motif and has not been identified as a hydrophobin in genomic analysis (30) . SSPs are of great interest in pathology and symbiosis research, since they could act as signaling molecules in fungi and are able to regulate gene expression of the plant host (31, 32) . A putative thaumatin-encoding gene also is induced. Although thaumatin genes are well studied in plants, they have been discovered only recently in fungi (33) . In saprophytic fungi, the role of these proteins still is unknown, but a signaling function is plausible.
Stress-related genes could be noticed, such as the ones coding for a peptide methionine sulfoxide reductase or an acetyltransferase. The oxidation of methionine into methionine sulfoxide (MetSO) is a reversible process, the reduction being catalyzed by methionine sulfoxide reductase. These oxidation/reduction steps could restore the biological activity of proteins by repairing oxidative damage (34) . Few GCN5-related N-acetyltransferases have been characterized in fungi. A study shows that MPR1, belonging to the GCN5-related N-acetyltransferase, is involved in stress responses in S. cerevisiae. Indeed, it has been shown to regulate ROS caused by a toxic proline catabolism intermediate (35) .
An accumulation of flavonol reductase/cinnamoyl-coenzyme A (CoA) reductase transcripts also has been highlighted in the presence of oak acetonic extract. The corresponding enzyme is an oxidoreductase acting on cinnamaldehyde, an organic compound naturally occurring in the bark of the cinnamon tree. This enzyme participates in the lignin biosynthesis pathway (36) . Moreover, a 9-fold-elevated level of cinnamoyl-CoA reductase protein in P. chrysosporium under Cu stress suggests a role of this enzyme in stress response (37) . In addition to the genes reported in Table 1 , 73 genes exhibiting no homology in the databases are upregulated more than 10-fold.
(ii) Extracellular degradation of lignocellulose and aromatic compounds. The induction of genes coding for enzymes involved in the extracellular degradation of aromatic compounds suggests putative extracellular oxidation of the tannin-derived molecules. Indeed, genes coding for a chloroperoxidase and a benzoquinone reductase and five genes coding for some class II peroxidases (lignin and manganese peroxidases) are induced by oak extracts (38) . The cDNAs highly expressed in that study on wood material also are globally upregulated in our study. In particular, LipD (ProtID 6811) and MnP1 (ProtID 140708) have been identified in both studies, suggesting a putative signaling/regulatory role of phenolics for gene expression. Genes coding for carbohydrate active enzymes (CAZymes) also have been found differentially expressed under our conditions (Table 3) . Again, some of the genes induced by oak extracts are highly expressed in wood (38) . This is the case for some cellobiohydrolases (ProtID 127029, 129072, and 133052), endoglucanases (ProtID 129325, 41563, and 31049), ␤-glucosidase (ProtID 8072), endoxylanase (ProtID 133788, 138715, and 138345), and acetyl xylan esterase (ProtID 130517) ( Table 3 ; also see Table S1 in the supplemental material) (38) . Inversely, we show a downregulation leading to very low expression of genes coding for alcohol oxidase (ProtID 126879), cellobiohydrolase (ProtID 137372), endoglucanase (ProtID 6458 and 8466), and endomannanase (ProtID 140501), while from 72 to 377 tags have been reported for these genes in the culture with oak. Since glucose was used as a carbon source in the present study, one can expect that in a natural biotope (glucose poor), more CAZY could be expressed. Indeed, it has been shown that cellulolytic and xylanolytic genes are regulated by transcriptional factors XYR1 and CRE1 in Trichoderma reesei depending on the carbon source, with glucose acting as a repressor (39) .
(iii) Intracellular detoxification systems. Genes coding for proteins involved in the antioxidant response, such as methionine sulfoxide reductase and disulfide isomerase, are induced by oak acetonic extracts. Moreover, the induction of two glutathione reductase (GR1 and GR3) genes suggests an intracellular accumulation of oxidized glutathione, evidence for oxidative stress. However, another GR (GR2), which is predicted to be directed to mitochondria, is downregulated. Similarly, a smaller amount of Mn-dependent superoxide dismutase transcripts has been detected under the oak extract conditions. This result is in accordance with oxidative stress at the mitochondrial level and with the induction of LiP expression by the intracellular ROS (3). In accordance, YAP1, which is the central regulator of oxidative gene expression, is 5-fold induced. Moreover, the formation of peroxides inside the cell is supported by the upregulation of genes coding for a peroxiredoxin, PrxII.2, and a catalase. Focusing on the intracellular degradative pathways of toxic compounds, we highlighted the induction of 12 genes coding for CytP450 known as phase I detoxification enzymes and 5 and 3 genes coding for the phase II-conjugating glycosyl transferases (GT) and glutathione transferases, respectively ( Table 4) .
The CytP450ome has been quite extensively investigated in P. chrysosporium, especially thanks to a functional library in yeast (8, 9) . These enzymes are highly versatile and inducible. The isoforms found induced in our experiment have not been functionally characterized yet, except for ProtID 7086 and 138612, which modify carbazole, dibenzothiophene, and ethoxycoumarin for the first one and naproxen for the second (9) . Members from CYP5144 and CYP63 exhibit catalytic activities toward environmentally persistent and toxic high-molecular-weight polycyclic aromatic compounds, such as phenanthrene, pyrene or benzo(a)pyrene, alkylphenols, and alkane (40, 41) . Evidence of the involvement of ProtID 131921 in the degradation of the endocrine disruptor chemical nonylphenol also has been demonstrated (42) . Transcriptomic experiments showed that ProtID 139146 and 132579 gene expression is induced after anthracen and anthrone treatments (43) . All of these studies demonstrate the potential of this enzyme family as biocatalysts to handle environmental mixed pollution. It is also important to note that many CytP450 genes are downregulated in our experiment.
The second detoxification phase consists of conjugating reactions performed by many transferases and, in particular, GTs and GSTs. GSTs are at the interface between compound elimination and oxidative stress rescue. In this study, we identified 3 GST genes, which are upregulated by oak acetonic extracts (MAPEG, GSTFuA3, and GTT2.1). The first gene encodes a membrane-associated protein involved in eicosanoid and glutathione metabolism (MAPEG). This superfamily includes structurally related membrane proteins with diverse functions of widespread origin. The eukaryotic MAPEG members can be subdivided into six families: MGST1, MGST2, and MGST3, leukotriene C-4 synthase (LTC4), 5-lipoxygenase activating protein (FLAP), and prostaglandin E synthase. Protein overexpression and enzyme activity analysis demonstrated that all proteins catalyzed the conjugation of CDNB with reduced glutathione. Thus, glutathione transferase activity can be regarded as a common denominator for a majority of MAPEG members throughout the kingdoms of life, whereas glutathione peroxidase activity occurs in representatives from the MGST1, MGST2, MGST3, and PGES subfamilies (44) . Based on sequence homology, it appears that the Phanerochaete isoform belongs to MGST3, but it has not been functionally characterized yet. GSTFuA3 belongs to a newly identified GST class (18, 45) . Four members of this class (GSTFuA1 to GSTFuA4) exhibit a ligandin property toward wood compounds, such as coniferaldehyde, syringaldehyde, vanillin, chloronitrobenzoic acid, hydroxyacetophenone, and catechins, suggesting a role in sequestration and transport of the toxic molecules inside the cell (14, 45) . GSTFuA3, which is the only member of this family that is able to reduce peroxides, is induced in our study, while GSTFuA1 and GSTFuA2 are downregulated. GTT2.1 was first defined by its sequence homology to GTT2 from S. cerevisiae (18) . ScGTT2 exhibits GST activity with CDNB and seems to be crucial in the response to peroxides (46) (47) (48) . However, no homologue has been characterized yet in other species. In P. chrysosporium, 2 genes have been identified: PcGTT2.1 (ProtID 6766) and PcGTT2.2 (ProtID 6683). While PcGTT2.1 is induced in our study (8.5-fold), PcGTT2.2 shows an expression ratio of only 1.8 in the oak extract treatment compared to the control (see Table S1 in the supplemental material). Functional characterization of PcGTT2.1. (i) Enzymatic activities. The activity pattern of recombinant PcGTT2.1 has been determined using various substrates (Table 5) . No thiol transferase and reductase activities with hydroxyethyl disulfide (HED) and dehydroascorbate (DHA) or GSH-transferase activity could be detected with the classical substrates CDNB and ITC. A weak GSH transferase activity has been measured with HNE, one of the major end products of lipid peroxidation. Moreover, PcGTT2.1 exhibited peroxidase activity with tBOOH and CuOOH but not with H 2 O 2 . With organic peroxides, the reaction catalyzed by PcGTT2.1 likely involves first a transfer of GSH onto the peroxide, which is rapidly removed by a second glutathione molecule to form GSSG and alcohol. This scheme was supported by the formation of GSSG that we have detected with NADPH-dependent GR method-based activity and mass spectrometry (data not shown). With peroxides as a substrate, the specific activity of PcGTT2.1 is substantially higher than that of fungal glutathione peroxidases. As an example, GPX2 from S. cerevisiae exhibits similar affinity but almost 7-fold-less activity than PcGTT2.1 toward tBOOH (49) . Other fungal GSTs have been found to be able to reduce peroxides; however, they do so with less efficiency than PcGTT2.1 (14, 50) (Table 5) . Moreover, PcGTT2.1 has a very strong affinity for CuOOH, suggesting high specificity for highmolecular-weight peroxides.
In humans, GST can modulate the intracellular concentrations of HNE by affecting its generation during lipid peroxidation by reducing hydroperoxides and also by converting it into a glutathione conjugate (51) . Since PcGTT2.1 reacts with HNE, albeit rather slowly, it seems that it could be involved in both reactions. Thus, besides reducing oxidative stress, it could have a key role by modulating HNE content, whose amount regulates stress signaling events and apoptosis.
(ii) Yeast complementation. PcGTT2.1 shares only 16.3% and 17.6% identity with ScGTT1 and ScGTT2, respectively, as defined by global sequence alignment using Lalign (http://www.ch.embnet.org /software/LALIGN_form.html). Nevertheless, the overexpression of PcGTT2.1 in a yeast strain deficient in both GTT1 and GTT2 genes rescued the growth of S. cerevisiae in the presence of H 2 O 2 and tBOOH ( Fig. 1A and B) . While ScGTT2 displays only classical GSH transferase activity, ScGTT1 exhibits both classical GSH transferase activity and peroxidase activity with hydroperoxides (16) . Moreover, it has been shown that exposure of GTT1/GTT2 double mutant strains to peroxides caused oxidative stress and increased lipid peroxidation (48) . Lipid peroxides are unstable and decompose to form a complex series of malondialdehyde and HAE. HAE can be used as an indicator of lipid peroxidation (52) . Under our conditions, less free 4-hydroxyalkenals were detected in the complemented strain compared to the mutant (Fig. 1C) . This observation strengthens the proposal for a role of PcGTT2.1 in reducing lipid peroxidation in vivo.
(iii) Evolution of GTT2 genes. PcGTT2.1 orthologues have been searched in the available basidiomycete genomes from the MycoCosm database of the Joint Genome Institute (53) . A phylogenetic analysis allowed us to identify 2 groups that we named GTT2.1 and GTT2.2 (see Fig. S1 in the supplemental material). In P. chrysosporium, both genes locate on the same scaffold; however, more than 200 kb separate them, suggesting that the duplication event is not very recent. While GTT2.2 orthologues have been identified in almost all other considered fungi except Agaricus bisporus and Serpula lacrymans, GTT2.1 gene losses could have occurred in the lineage leading to the Boletales and within lineages in the Agaricales, leading to the non-wood-decay species Agaricus bisporus, Coprinopsis cinerea, and Laccaria bicolor (Fig. 2) . The presence of GTT2.1 was investigated in 15 mycorrhizal species within the Boletales and Agaricales lineages, and only one orthologue was detected in Suillus species (data not shown). An interesting point is that Phanerochaete carnosa, which is a white rot fungus, does not exhibit any GTT2.1 homologue. While taxonomically close, P. carnosa and P. chrysosporium differ in that P. carnosa has been isolated almost exclusively from softwood, while P. chrysosporium was isolated mainly from hardwood. Globally, P. carnosa and P. chrysosporium similarly reduce the total phenolic content of various sapwood samples. P. carnosa transforms a higher fraction of phenolics in most of the heartwood samples, including those from softwood species, while P. chrysosporium transformed a broader range of heartwood phenolics in maple, a hardwood species (12) . The accumulation of PcGTT2.1 transcripts in the presence of phenolics from oak heartwood suggests that PcGTT2.1 has a role in this process.
Looking at wood specificities of the various ligninolytic fungi, it is noticeable that all fungi growing on hardwood exhibit a GTT2.1 isoform. Softwood and hardwood fibers differ in the structure and composition of their hemicellulosic polymers and lignin (54) . Indeed, softwood hemicelluloses are constituted mainly of galactoglucomannans and arabinoglucuronoxylans, while hardwood hemicelluloses contain mainly glucuronoxylans and glucomannans. Similarly, softwood lignins are mainly comprised of guaiacyl units, while hardwood lignins contain guaiacyl and syringyl units. The chemical composition of extractives depends directly on the wood species, and important variability exists among the ones mentioned above, leading to important variations in their content, chemical composition, and biological properties (55) . A recent study showed that transgenic poplar lines enriched in syringyl lignin are more resistant to fungal degradation, suggesting a toxic effect of these subunits (56) .
Given the detoxification activity of PcGTT2.1, our observation suggests a link between the maintenance of GTT2.1 in wood-degrader genomes and the selective pressure exerted by the toxic molecules released during wood degradation. It is an interesting point, since it suggests that the adaptation of fungi to their habitat occurs not only through their extracellular machinery of wood degradation (57, 58) but also through their ability to survive in toxic environments. A comparative genomic analysis did not reveal any differences in gene content for the classical antioxidant systems in P. chrysosporium, C. cinereus, and L. bicolor genomes (59) . However, large variations have been observed in the detoxification system, including CytP450 and GSTs (11) . These multigenic families obviously are good markers of adaptation.
Conclusions. Genomic, transcriptomic, and proteomic data have considerably enriched our knowledge concerning the regulation and evolution of wood degradation systems (12, 58, (60) (61) (62) . Our transcriptomic analysis is original in that it focuses on the effect of oak-derived molecules, especially tannins, on P. chrysosporium gene expression. It reveals that in complement to the extracellular machinery of degradation, intracellular antioxidant and detoxification systems contribute to the lignolytic capabilities of fungi by preventing cellular damage and maintaining fungal health. In particular, the functional characterization of PcGTT2.1 suggests that the protein has evolved to specifically reduce lipid peroxidation during wood degradation. We believe that this is an interesting example of the neofunctionalization of a protein driven by selective pressure.
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